INTRODUCTION
Clean sandstones are rare in the subsurface, and sandstone reservoirs contain shale more as a rule than as an exception. The elastic moduli of shale bearing sandstones exhibit different porosity trends from those of clean sandstone (Tosaya, 1982; Han, 1986; Klimentos, 1991; Best and McCann, 1995) , and the frequency dispersion of elastic moduli is larger in shale-bearing sandstones than in clean ones (Han, 1986; Best et al., 1994; King et al., 2000; King and Marsden, 2002) . Several authors have ascribed the dispersion in sandstone to "squirt flow": pore-pressure gradients caused by deformation of compliant pores embedded in the stiffer framework of the sandstone (i.e., microcracks, grain boundaries, etc.) (Mayr and Burkhardt, 2006; Gurevich et al., 2010; Paula and Peruvhina, 2012) , and according to this concept, the stress dependency of the elastic moduli of dry sandstone should delimit the possible dispersion in the water-saturated state (Mavko and Jizba, 1991; Shapiro, 2003; Gurevich et al., 2010; David and Zimmerman, 2012) . In spite of this theory, dispersion in shaly sandstones has been frequently found to exceed the bounds for dispersion based on the measured stress dependency (Marketos and Best, 2010; Paula and Peruvkhina, 2012) . This suggests that there in shaly sandstone is a different contribution to dispersion, which is not directly related to the stress.
According to the classic Biot's theory, velocity dispersion arises in a rock with a given pore size and a given pore fluid because below a critical frequency, the elastic wave propagates in-phase in the solid and the fluid, whereas above the critical frequency, the wave propagates out-of-phase in the two components. The predicted dispersion is too low, though, to explain all the observations. Mavko and Jizba (1991) find that a larger dispersion is predicted due to squirt flow, in which the velocity dispersion is caused by local variations in pore stiffness in a rock frame, so that elastic-wave deformation causes a (frequency-dependent) fluid-pressure gradient between pores. This heterogeneity also causes a stress-dependent stiffness of the dry frame. A stress-independent squirt mechanism requires that a part of the pores is constrained by solids that are not part of the supporting frame. Here, an obvious example is pore space among clay minerals in shaly sandstone because shale can be pore filling and isolated from the applied stress, so that it does not participate in the load-bearing frame (Anstey, 1991) . Accordingly, Best et al. (1994) find dispersion and attenuation of fluidsaturated sandstone to increase with shale fraction and suggest that the dispersion is caused by pore-pressure gradients induced in the intrashale porosity, a mechanism they coined "clay squirt." Pore-pressure gradients in shale porosity, clay squirt, could therefore explain the extra dispersion in shaly sandstones. Shale can also be integrated in the load-bearing frame, but the relation between stress and elastic moduli is then more complicated than the corresponding relation for cracks and compliant porosity in the frame (Hudson, 1981; Yin, 1992; Shapiro, 2003; Mondol et al., 2007; Peruvkhina et al., 2008) .
Shale inclusions are different in nature from compliant porosity because they are larger in size, and the physical buildup is more complex; for this reason, the effect of shale on the elastic moduli of fluid-saturated sandstone has frequently been suggested, but rarely modeled. Best et al. (2013) apply the model of Leurer (1997) to explain attenuation of shaly sandstone with either pore filling or structural clay arising from clay squirt, but quantitative evaluation of whether or not induced pressure gradients in the intrashale porosity can explain dispersion in the elastic moduli of saturated shaly sandstones is lacking, and hence it is the aim of the present study.
We develop a simple model to evaluate the maximum magnitude of clay squirt on the bulk modulus of saturated sandstone. We restrict the model to two simple textures to avoid defining the geometry of shale inclusions in the sandstone. The two extreme textures considered are shale present as laminae and shale present as pore fill. The two textures constitute the endmembers in the trend between stress and no stress on the shale inclusions. For shale laminae, the stress applied to the sandstone is projected directly to the shale. For pore-filling shale, the framework of the rock shields the shale entirely. We quantify maximum dispersion due to clay squirt by identifying saturated bulk modulus in a low-and a high-frequency limit, for the two textures considered. In the low-frequency limit, all pore-pressure gradients are relaxed, whereas in the high-frequency limit, pressure has no time to diffuse from the intrashale porosity, whereas pore pressure is relaxed in the macropores. This choice allows us to do fluid substitution by using a low-frequency model. We will not include shear moduli in the model. The S-waves are polarized and therefore require explicit assumption of shale distribution in the sandstone framework. We formulate the model using Gassmann fluid substitution, in which we determine the induced pressure, respectively, in the intrashale porosity and macroporosity, and then determine pressure diffusion between the two depending on the frequency limit. We model shale-bearing sandstone as composites of two frames: a quartz frame and a shale frame composed of a clay mineral aggregate. We parameterize the frame bulk moduli using the isoframe model expressing frame moduli in terms of isoframe value, porosity, and mineral moduli, where the isoframe value increases with degree of cementation (Fabricius et al., 2010) . In the high-frequency limit, the inherent induced pressure predicted by Gassmann's relations for each frame remains independent and the saturated moduli of the frames can be determined by Gassmann relations. In the lowfrequency limit, the pressures in the frames diffuse until an equal pressure is found in the shale and the quartz frame. We determine the average pressure by determining the ratio of pore space between the shale and the quartz frame after compression. The bulk modulus in the low-frequency limit is determined from the average pressure. Input variables are estimated from laboratory data found in the literature.
First, we present the parameterization of the frame moduli using the isoframe model. We then present and justify the choice of input variables needed. The formulation of the Gassmann fluid substitution is then presented. Finally, the model implementations for shale laminae and dispersed shale are presented. To evaluate the model, we compare the predictions with a data set of ultrasonic elastic moduli collected from the literature. Only data for dispersed shale are found, but a qualitative discussion based on observations are conducted to evaluate the case of shale laminae.
METHODS

Isoframe model
We parameterize the bulk and shear moduli of a porous frame (K frame , G frame ) with the porosity ϕ and the isoframe value x IF . Any frame moduli within the Hashin-Shtrikman bounds defined by the mineral moduli (K 0 , G 0 ) can be expressed by the coordinates (ϕ, x IF ). The isoframe value is equivalent to the fraction of the solid cross section 1 − ϕ, which participates in the load-bearing frame. The solid cross section fraction not participating in the load-bearing frame 1 − x IF is modeled as suspended in the pore fluid. If the entire solid cross section contributes to the load-bearing frame, the isoframe value is one. If the solid material is completely suspended, the isoframe value is zero. An isoframe value of one is only achieved in highly cemented lithologies. The expression for the isoframe model is given in Appendix A. Figure 1 shows the relation among dry frame bulk modulus K dry , isoframe value x IF , and the porosity for clean quartz sandstone.
Gassmann and induced pore pressure
Undrained compression of a porous framework implies that the fluid mass m f is conserved (dm f ¼ 0). Because the fluid mass is conserved and the frame is compressed, pore pressure P is induced. The rate of induced pore pressure to the applied stress dP∕dσ is determined by how readily the solid frame is deformed K frame , the fluid modulus K f , and the mineral bulk modulus K 0 . The bulk modulus of a saturated frame K sat is higher than the framework bulk modulus K frame because of the induced pressure. The rate of induced pore pressure to external stress can be expressed as (Dvorkin et al., 1995) 
(1) coefficient have been introduced in the literature (Biot, 1962; Rice and Cleary, 1976; Zimmerman, 2000) , and simplification of equation 1 can be achieved by introducing aggregate moduli such as, for example, the pore stiffness, K ϕ ¼ K frame ϕ∕α (Mavko and Mukerji, 1995) . Figure 2a shows the rate of induced pore pressure for a quartz frame, and Figure 2b shows the rate of induced pore pressure for a shale frame using the parameterization introduced in Figure 1 . The rate of induced pore pressure increases with a decreasing frame modulus. From the frame bulk modulus and the rate of induced pore pressure, the saturated bulk modulus can be determined:
(2)
If the rate of induced pore pressure for a frame is given in equation 1, equation 2 gives the undrained bulk modulus K sat . An external sink or source of pressure can alter the rate of induced pore pressure from equation 1 and the predicted bulk modulus by equation 2 will be different. The effect of a pressure change on the bulk modulus is quantified in equation 2. Figure 3 shows the effect of induced pore-pressure ratio dP∕dσ on the bulk modulus for a clean quartz frame and kaolinite frame. It is important to note that Figure 3 illustrates the situation in which dP∕dσ is changed by an external interaction.
Choice of mineral and frame parameters
The parameterization of the frame bulk modulus requires input of porosity, isoframe value, and mineral moduli. The isoframe model requires input of the mineral bulk modulus and mineral shear modulus. Mineral moduli for quartz are well-documented, and the choice of moduli is given in Table 1 . The isoframe value is related to cementation, so that a higher degree of cementation leads to a high isoframe value. We affix a range of isoframe values to sandstone by calculating the isoframe value from a collection of dry elastic moduli for clean consolidated and unconsolidated sandstones. The data are compiled from the literature (King, 1966; Han, 1986; Jizba, 1991; Best et al., 1994) . Figure 4 shows the dry bulk modulus for clean consolidated sandstones and unconsolidated sands versus porosity. The clean condition is defined as samples with a volumetric shale fraction χ less than 5% of the total volume. The data are all from ultrasonic measurements on dry rocks recorded at isotropic stress between 40 and 60 MPa, so we assume the dry bulk modulus to have negligible dispersion Figure 2. Isoframe value plotted versus rate of induced pore pressure to stress in (a) a quartz frame and (b) a kaolinite frame. The kaolinite frame (b) shows a higher rate of induced pore pressure to stress than the quartz frame (a). Wang et al. (2001) and be close to the frame bulk modulus. Consolidated sandstones have isoframe values ranging from 0.7 to 1, whereas unconsolidated sands have isoframe values between 0.2 and 0.35. Figure 4 also shows that the porosity of clean consolidated sandstone ranges from 0.05 to 0.25 and the porosity of clean unconsolidated sands at high stress ranges from 0.2 to 0.35. Clays comprise several mineral groups; the properties of a selection of these are listed in Table 1 . It is evident that clay mineral moduli have large uncertainty. We therefore apply a range of values for each mineral modulus. The proper range of frame moduli for a shale frame at a given porosity is also difficult to assess. For shale laminae, the frame properties can be evaluated by observing the relation between ultrasonic velocity and stress for aggregates of clay powders. Figure 5 shows the dry bulk modulus of a kaolinite powder as a function of stress (Yin, 1992) . With increasing stress, the porosity decreases and the isoframe value increases, ranging from 0.08 at low differential stress to 0.65 at high differential stress. As clay minerals do not readily form cement, compaction experiments provide a good measure of the modulus development with burial. We therefore use the compaction trend from Figure 5 as guidance for the choice of isoframe values in the case of shale laminae. Burial of 2-5 km corresponds approximately to effective stress of 20-50 MPa assuming hydrostatic pore pressure. From Figure 5 , we find that this stress interval is equivalent to isoframe values between 0.38 and 0.65, which is, hence, used for shale laminae. The elastic properties of dispersed shale are more complicated to estimate because authigenic clay forms as individual particles in pores and not as connected frames (Wilson and Pittman, 1977) .
Dispersed shale is not subjected to an effective stress, and therefore no compaction occurs. Although dispersed shale does not undergo compaction, it still has a nonzero, but small, frame modulus, because the particles are in contact. The frame modulus is related to how the clay is formed in the pores, but no data exist to directly determine the relation. Based on the assumption that compaction is the dominant factor in consolidation of shales, the iso-frame value of dispersed clay assemblages is assumed to be low. We adopt an isoframe value span for dispersed shales of 0.05-0.4.
In addition, the porosity of shale is related to compaction (Mondol et al., 2007) . Figure 5 shows the porosity of kaolinite aggregates to vary from 0.6 at low stress to 0.2 at high stress. Hurst and Nadeau (1995) find a wide range of shale porosity in sandstones, depending on whether the shales are load bearing and compacted. We affix a porosity range of 0.2-0.4 for load-bearing shale, corresponding to a stress interval between 20 and 50 MPa ( Figure 5 ). These porosity values are high when compared with the data published for compacted shale formations (Minshull and White, 1989; Hansen, 1996) . Comparison of natural shale compaction trends with compaction curves for synthetic mudstones shows that synthetic mudstones retain a higher porosity at a given stress, possibly due to the higher clay content and consequent better sorting. The mineralogical composition of shale laminae in sandstones may be significantly different from shale formations, solely due to the mechanism of deposition. Based on the data of Hurst and Nadeau (1995) , we assign a porosity range from 0.4 to 0.8 for dispersed shale.
FREQUENCY RANGE
The model we develop quantifies bulk modulus dispersion in the undrained frequency range relevant for elastic moduli based on typical borehole logging and laboratory data (Pimienta et al., 2015) . We define the dispersion as the difference between a high frequency bulk modulus and a low frequency bulk modulus. To formulate these two states, the high-and low-frequency limits must be defined. First, all frequencies are low enough for the composite of sand and shale to be in the long-wavelength limit. This means that wavelength λ is always longer than the heterogeneities characterizing the mixture of sand and shale. For the laminated texture, this restriction means that λ ≫ L, where L is the thickness of a lamina. . Dry bulk modulus of kaolinite aggregate versus porosity and compared with isoframe value by assuming mineral moduli, K c 0 ¼ 12 GPa and K c 0 ¼ 6 GPa (Vanorio et al., 2003) . Isoframe values increase and porosity decreases with increasing stress. An appropriate (ϕ, x IF ) combination for kaolinite compacted at 20-50 MPa is the porosity between 0.2 and 0.4 and isoframe values between 0.38 and 0.65.
For the dispersed shale texture, the long-wavelength restriction requires the wavelength to be much longer than the pore size of the sand frame. The high-frequency limit is therefore defined as the frequency at which pore-pressure diffusion from the shale porosity is negligible, but the system is still in the long-wavelength limit. The low-frequency limit is at a frequency at which all pore-pressure gradients have relaxed.
MODEL FORMULATION: SHALE LAMINAE
The laminated model is illustrated in Figure 6 . When the shale is distributed as laminae between layers of clean sand, the shale and sand frames will be subjected to the same externally applied stress σ. In the high-frequency limit, the quartz and the shale frames are undrained individually, so that dm HF
where dm HF q is the change in fluid mass in the quartz frame at high frequency and dm HF sh is the change in fluid mass in the shale frame at high frequency. With the frames being simultaneously undrained, the induced pore pressure can be determined by equation 1 for each frame individually and the saturated bulk modulus of each layer can be achieved by inserting the induced pore pressure into equation 2. Because the same external stress applies to all layers, the saturated bulk modulus of the quartz frame K sat q and the shale frame K sat sh can be combined to give the high-frequency saturated bulk modulus of the rock K HF by the Reuss average,
where χ denotes the bulk volume fraction of shale including the shale porosity. A higher pore pressure is induced in the shale frame than in the quartz frame due to the difference in the frame bulk moduli as illustrated in Figure 2 . During an undrained low-frequency deformation, the initial induced pore pressures in the layers are determined by equation 1, but the low frequency allows pore-pressure communication between the two frames, and fluid flows from the shale frame to the quartz frame. This equilibrates the pore pressure to a uniform value in the entire pore space and causes a reduction of the shale pore pressure and an extra compression of the shale frame as well as, at the same time, an increase in the pore pressure of the quartz frame, and consequently, less compression of the quartz frame. Because the pore pressure has equilibrated, the bulk modulus of the laminated rock can then be determined by a Reuss average of the individual frames. The individual frames are no longer undrained, but the composite of the two frames is undrained, whereby the mass of fluid moved from the shale frame must equal the fluid mass added to the quartz frame
where dm LF q is the change in fluid mass in the quartz frame in the low-frequency regime and dm LF sh is the corresponding value for the shale frame. The compressibility C pp relating pore-volume com-pression to pore-pressure change at constant external stress was formulated by Zimmerman et al. (1986) as
where V p denotes the pore volume. By using this expression, a change in fluid mass can be written as a function of the induced pore pressure:
where the density of the saturating fluid is given by ρ. We substitute equation 7 into equation 5 and normalize all terms to the total pore volume,
which is the sum of the quartz frame pore volume V q p and the shale frame pore volume V sh p . Normalization to the total pore volume produces the fraction of the total pore volume contained in the quartz frame f q and the fraction of the total pore volume contained in the shale frame f sh :
We get Figure 6 . Illustration of the laminated model. At the high-frequency limit, the pore pressures in the quartz and shale frame are different. The pore pressures in the two frames are the pressures induced by compression of the specific frame according to Gassmann (equation 1). For the low-frequency limit, fluid flows from the shale frame to the quartz frame, so that the pressure in the two frames becomes equal. Equilibration of the pressure means that the pore pressure in the shale decreases and the pore pressure in the quartz increases. The change in pore pressure results in a change in the bulk modulus of the sandstone.
Clay-squirt effect on bulk modulus of sandstone MR55 where A ¼ 1∕K f þ f q C q pp þ f sh C sh pp , dP LF is the averaged pore pressure induced in the entire porosity at low frequency, dP HF q is the pressure induced in the quartz porosity at high frequency, dP HF sh is the induced pressure at high frequency for the shale porosity, C q pp is the pore compressibility with changing pore pressure for the quartz frame, and C sh pp is the same entity for the shale frame. Equation 9 relates the average pressure to the pressure induced in the individual frames, the framework bulk moduli, and the pore-volume fractions contained in the individual frames. The induced pore pressure in the low-frequency state from equation 9 can be substituted into equation 2 to determine the bulk moduli of the quartz and shale frames at the relaxed pore pressure ðK LF q ; K LF sh Þ. The low-frequency composite bulk modulus can then be determined by a Reuss average:
The dispersion on the bulk modulus caused by clay squirt is then given by the difference between the high-frequency composite bulk modulus K HF and the low-frequency composite bulk modulus K LF .
MODEL FORMULATION: DISPERSED SHALE
Dispersed shale is distributed entirely in the pores of the quartz frame, and the shale frame is therefore shielded from a stress applied to the rock. In the drained state, the modulus of sandstone with dispersed shale is equal to the modulus of the quartz frame. In the undrained state, the compression of the quartz frame induces a pressure in the pores of the quartz frame. The magnitude of the induced pressure depends on how much of the pore space ϕ q is taken up by shale and on the modulus of that shale. We assume that there is microporosity within the shale ϕ sh . When a load is applied to the quartz frame, a pore pressure is induced around the shale, but the pressure in the shale porosity can differ from the pressure outside the shale (Figure 7) . At the high-frequency limit, the relevant modulus for the shale is the saturated bulk modulus of the shale frame K sat sh . In this case, the pore fluid in the sandstone is a suspension of a shale part given by S sh ¼ χ∕ϕ θ , and the fluid outside the shale given by 1 − S sh . The effective modulus of the shale suspension can then be determined as the Reuss average
If the frequency is low enough, the pressures will equilibrate, so that all the fluid in the pore space, inside and outside the shale is at the same pressure (Figure 7) . Then, the effective pore-filling modulus will correspond to a suspension of a solid clay fraction given by S c ¼ χð1 − ϕ sh Þ∕ϕ q , and all of the fluid in the pore space given by 1 − S c . Again, the modulus of this suspension is calculated by a Reuss average:
The clay fraction in the pore fluid contributes to the suspension by the clay mineral bulk modulus K c 0 . With the formulation of the effective fluid modulus at low-and high-frequency limits, we use Gassmann fluid substitution to determine the bulk modulus at low-and high-frequency limits. The sandstone bulk modulus at the high-frequency limit is obtained by fluid substituting the high-frequency limit fluid modulus from equation 11 into the quartz frame bulk modulus. The sandstone bulk modulus at low frequency is obtained by fluid substituting the quartz frame with the low-frequency fluid modulus in equation 12.
To be contained in the pores of the quartz frame, the shale fraction must be lower than the porosity of the quartz frame χ < ϕ q (Marion and Nur, 1991) . This shale fraction is the absolute maximum for the dispersed shale model, but the model breaks down at a slightly lower shale fraction because first, the shale must not span the pores. If the shale spans the pores, it may sustain a shear load and the problem becomes that of solid substitution instead of fluid substitution (Ciz and Shapiro, 2007; Makarynska et al., 2010; Saxena and Mavko, 2014) . The model also assumes pressure equilibration at low frequency, which at compression requires the transfer of a finite volume of water into the shale porosity from the fluid surrounding the shale. When χ ¼ ϕ q , there is no volume of fluid outside the shale, and hence no pressure equilibration can occur. For these reasons, the fundamental assumptions of the model presented for dispersed shale breaks down at a shale fraction close to, but lower than, the porosity of the quartz frame.
RESULTS FOR SHALE LAMINAE
The model considering shale laminae relies on seven parameters χ, ϕ q , x q IF , ϕ sh , x sh IF , K c 0 , and G c 0 , complicating a full analysis. Figure 8 shows the results of the model in the case of shale laminae in a consolidated quartz frame with a porosity of 0.2. Three sets of different clay moduli are chosen; smectite from ultrasonic extrapolation, kaolinite from ultrasonic extrapolation, and kaolinite from epoxy cast (Table 1 ). The porosity of the shale frame is set to 0.4 corresponding to compacted shale ( Figure 5) . The difference between low-and high-frequency bulk moduli is higher when Figure 7 . Sketch of the dispersed shale case. The external stress σ acts on the quartz frame inducing a pore pressure in the quartz frame at the rate, dP∕dσj quartz . The shale frame is only stressed by the induced pore pressure in the quartz frame. The rate of pore pressure increase in the shale frame is, therefore, dP∕dσj quartz dP∕dσj shale . the contrast between quartz and clay mineral moduli is high. Because we have fixed the isoframe value to a range of 0.38-0.65, the mineral and the frame moduli are coupled. Therefore, the dependence on mineral modulus also reflects the relation between clay mineral bulk and shale frame moduli.
The magnitude of the clay-squirt effect as a function of shale frame bulk modulus and shale porosity is shown in Figure 9 for a kaolinite mineralogy K c 0 ¼ 12 GPa, with a constant quartz frame bulk modulus. We find that for low x sh IF and consequently low shale frame bulk modulus, the possible effect of clay squirt is high. This is because a higher pore pressure is induced in a soft shale frame (Figure 3 ).
RESULTS FOR DISPERSED SHALE
A significantly smaller difference between the low-and high-frequency saturated bulk moduli is modeled for sandstone with dispersed shale as compared with laminated shale (Figures 8 and  10 illustrating the same three clay moduli). The sandstone frame used for Figure 10 has a porosity of 0.3, whereby the maximum shale fraction is 0.3. The model illustrates that the clay-squirt effect increases monotonically with shale content, but fails to show that the dispersion will be absent when the entire porosity is filled with shale. At this limit, only one type of porosity exists and the model is not valid. Contrary to in the laminated case, the dispersion increases with increasing clay mineral bulk modulus. This is because the pore-pressure difference between the shale and the open porosities increases with shale frame bulk modulus, and at a fixed isoframe value, the shale frame bulk modulus increases with clay mineral modulus. For a clay mineral bulk modulus of 12 GPa, the maximum dispersion is only approximately 1 GPa. If the mineral bulk modulus is higher, a higher effect can be expected.
COMPARISON WITH DATA
We compare the predictions of the model derived in this study with dispersion quantified from published ultrasonic velocity data so that we can evaluate whether the observed dispersion could arise from clay squirt. We also extract the apparent moduli for shale inclusions and compare them with the literature data for synthetic mudstones and shales. We derive the quasi-static saturated bulk modulus by Gassmann fluid substitution of modulus data for dry sandstone, and compare it with the bulk modulus of fluid-saturated sandstone as measured at ultrasonic frequency. The difference between the quasistatic prediction and the ultrasonic modulus of the fluid-saturated sample is assumed to be the dispersion. We found no data for laminated sandstones, so we base the comparison on an assumption of dispersed shale. The data set collected from the literature represents sandstones with varying shale content from a wide range of localities (King, 1966; Han, 1986; Best, 1992; Figure 11) . Volumetric shale content was in all studies determined by image analysis of thin sections. All data points involve solid density, porosity, fluid properties, and a set of ultrasonic elastic P-and Swave velocities at dry and at saturated conditions. Figure 8 . Clay-squirt dispersion of saturated bulk modulus of sandstone with shale laminae assuming different clay mineral moduli. The clay-squirt effect increases with decreasing clay mineral modulus. The effect is drastically higher at shale fractions approximately χ ≈ 0.2. Figure 9 . Clay-squirt dispersion of saturated bulk modulus of sandstone with shale laminae as a function of shale porosity and isoframe value. The three plots show different shale fractions. The clay-squirt effect decreases as the frame bulk modulus of the shale increases. Figure 10 . Clay-squirt dispersion of the saturated bulk modulus of sandstone with dispersed clay with three different clay mineral moduli. Clay-squirt dispersion increases as the clay mineral modulus increases due to a higher shielding of the microporosity within the shale frame.
To quantify the dispersion, we first establish the porosity of the solid frame ϕ frame :
The frame porosity corresponds to the quartz frame porosity in the model. The frame porosity can be estimated by comparing the measured bulk modulus in the dry state (negligible K f ) with a correlation between the porosity and bulk moduli. Gal et al. (1998 Gal et al. ( , 1999 use a modified upper Hashin-Shtrikman (MUHS) bound to correlate bulk modulus and porosity for clay-free dry sandstone. We use the MUHS bound with a critical porosity of ϕ c ¼ 0.45 and establish the frame porosity for each sample. We then calculate the apparent pore-filling modulus K gass pfa from Gassmann fluid substitution:
and the question is now to which extent K gass pfa can be modeled. To model K gass pfa , we need the elastic moduli of clay minerals, but they are very uncertain as evident from values tabulated in Table 1 , but we assume a clay mineral bulk modulus higher than the fluid modulus. This implies that the shale frame bulk modulus is also higher than the fluid bulk modulus, and that the pore-filling modulus for dispersed shale can be determined from equation 11 for samples in the high-frequency state and from equation 12 for samples in the low-frequency state. In both cases, the pore-filling modulus is determined by the Reuss average. If we observe the limiting case in which the shale bulk modulus is much higher than the fluid modulus, we get
The high-frequency case is used as an example. The equivalent limit applies to the low-frequency case with the ratio replaced by S c ∕K c 0 . The limit involves a shale fraction that is less than unity: S sh < 1, whereby the shale modulus need not be much higher than the fluid modulus to dominate the suspension modulus ( Figure 12) . The maximum pore-filling modulus is consequently
An equivalent analysis applied to equation 12 gives a maximal porefilling modulus of K c 0 ∕ð1 − S c Þ. The fluid modulus constitutes the lower bound for the pore-filling modulus. When the pore-filling modulus is equal to the fluid modulus, Gassmann's equations are accurate. The apparent pore-filling moduli from equation 14 must conform to these bounds for the fluid effect to be explained by clay squirt from dispersed shale:
The data are accordingly plotted versus the upper bound in Figure 13 , although the maximum porefilling modulus is only truly achieved at K sh → ∞. This has the implication that if the apparent pore-filling modulus exceeds the maximum pore-filling modulus, the dispersion cannot be caused by shale in the pore space and cannot be described by clay squirt from dispersed shale. A higher apparent pore-filling modulus than the upper bound could be associated with a contribution to clay squirt from load-bearing shale, and, accordingly, Figure 14 shows the data points with K gass pfa > K max unr compared with the prediction for laminated shale from Figure 8 . In a laminated texture, the clay-squirt effect depends directly on the clay mineral moduli, and Figure 14 illustrates that the excess fluid effect can be described within the clay-squirt model assuming a loadbearing shale with the clay mineral moduli agreeing with the data reported in the literature.
Some samples have apparent pore-filling moduli lower than the fluid modulus ( Figure 13 ). This cannot be explained by clay squirt because K F is the lower bound for the pore-filling Figure 11 . Overview of the sandstone data. The saturated bulk modulus is plotted versus porosity and shaded to (a) fluid bulk modulus, (b) fluid viscosity, (c) shale fraction, and (d) geologic location and age. modulus. Samples that have apparent pore-filling moduli lower than the fluid modulus are generally samples with high permeability (k > 200 mD) and with a significant shale fraction. The permeability may then be governed by the intergrain porosity (Rosenbrand and Fabricius, 2015) , and fluid may bypass the microporosity causing the shale part to have lower saturation than assumed from the saturation procedure. The shale modulus could therefore be closer to the dry shale modulus, which drastically reduces the pore-filling modulus.
If we focus on the data that, according to Figure 13 , are compatible with the clay-squirt model, and we assume that the difference between the apparent pore-filling and the fluid moduli is caused by shale in the pore space, we conclude that the shale must be either in the high-frequency state with a pressure gradient between the shale microporosity and the effective porosity, or it may be in the low-frequency state with a uniform pore pressure. Using the apparent pore-filling moduli from equation 14, we can calculate the apparent shale bulk modulus from equation 11 and the apparent clay mineral bulk modulus from equation 12. We also have to account the different saturation fractions of shale and clay as the former contains both solid clay material and microporosity. The saturation fractions are:
We assume that the porosity of the quartz frame is the porosity at which the given dry modulus conforms to the MUHS bound as proposed by Gal et al. (1999) , so to quantify the clay fraction, we fit the dry moduli to the MUHS using a bisection algorithm, and we assume that the difference between the measured and the frame porosities is the clay occupying some of the pore space:
The shale fraction from image analysis is the clay fraction plus the microporosity; therefore, the shale porosity is
With this, we can solve equation 11 for K sh and equation 12 for K c 0 . If we restrict K sh and K c 0 to be less than 50 GPa, no sample can fulfil both equations 11 and 12. We interpret this to mean that the samples are found either in the high-frequency regime or in the low-frequency regime depending on by which equation a solution can be found. Accordingly, in Figure 15a , the data that provide moduli for the high-frequency regime are plotted versus shale porosity, and in Figure 15b , the data that provide moduli for the low-frequency regime are plotted versus shale porosity.
The data consistent with a high-frequency regime show decreasing trends in the shale frame modulus with increasing shale porosity, which is to be expected for a frame modulus (Figure 15a ). Two trends are identifiable: one that points to a clay mineral modulus (extrapolation to ϕ sh ¼ 0) of approximately 25 GPa and one pointing to a clay mineral bulk modulus of 40 GPa. The latter trend contains few definite data points, whereas the former is better resolved. Shales in sandstone are mixtures of different minerals, and this complicates the interpretation, but the lower trend in Figure 15a is consistent with a kaolinite mineralogy (Table 1 ). The data in Figure 15a and 15b are color coded to the location of the samples. Figure 15a shows good consistency with North Sea samples having dominantly kaolinite mineralogy.
The samples consistent with the low-frequency regime in Figure 15b show clay mineral moduli independent of shale porosity Figure 12 . Limiting behavior of the suspension modulus versus shale saturation. The suspension modulus at low shale saturation quickly approaches the upper limit. The same relation is valid for the clay mineral saturation replacing the shale parameters with the clay mineral parameters. Figure 13 . Apparent pore-filling modulus for the data compared with the maximum pore-filling modulus (from equation 16). Data with circular labels are consistent with clay-squirt dispersion, data in the gray field labeled by x's have a too-high fluid effect on the bulk modulus, and data labeled by +'s have a too-low fluid effect on the bulk modulus.
Clay-squirt effect on bulk modulus of sandstone MR59 as expected for a mineral modulus. The mineral moduli cluster around three values of seven (4 data), 22 (2 data), and 37 GPa (2 data), respectively. The two larger mineral moduli correspond well with the extrapolated mineral moduli in Figure 15a . They are also plausible when compared with the data in Table 1 . We have no direct measure of the relaxation state of the samples, and so it is not certain that the moduli depicted in Figure 15 belong to either the high-frequency or the low-frequency regime. The actual relaxation state may, in principle, be between the relaxed and unrelaxed states, but the correlation between shale moduli and shale porosity in Figure 15a and the absence of this correlation in Figure 15b , support the interpretation of the relaxation states because a bulk modulus only depends on porosity if the porosity is compressed in the compression considered. That is, to observe a porosity-dependent shale modulus, there has to be a pressure difference between the fluid outside the shale and inside the shale. Without a pressure difference between the inside and outside, the modulus of the shale is determined by the mineral modulus and therefore independent of porosity, which is exactly what we observe in Figure 15b .
CONCLUSION
We have presented a simple model capable of quantifying the possible dispersion of bulk modulus in sandstone arising from induced pressure gradients in the microporosity of clay mineral assemblages. Depending on the clay mineral and shale bulk moduli, clay squirt can cause significant dispersion on the bulk modulus in saturated sandstones.
The approach is split into two idealized textures: shale laminae and dispersed shale. Clay-squirt dispersion is largest for shale laminae. The influence of clay mineral modulus on clay-squirt dispersion is opposite for the two textures. For laminated shaly sandstone, the clay-squirt dispersion increases with decreasing clay mineral modulus, whereas for a dispersed clay texture, the claysquirt dispersion increases with increasing clay mineral bulk modulus. The relation between clay-squirt dispersion and shale fraction also differs between the two textures. For sandstone with clay laminae, clay-squirt dispersion on the bulk modulus reaches a maximum at an intermediate shale fraction of approximately 0.2, whereas for dispersed shale, clay-squirt dispersion increases monotonically with the shale fraction.
Literature data for sandstones with predominantly dispersed shale were evaluated by comparison with the model. The model predicts dispersion from clay squirt arising from dispersed shale smaller than the dispersion observed in much of the data. These discrepancies could be caused by clay squirt from load-bearing shale in the framework.
The samples with dispersion agreeing with clay-squirt dispersion for dispersed shale can be separated into a group in the low-frequency state of clay squirt and a group in the high-frequency state. In both groups, the observed suspension modulus was determined. From the suspension modulus, the modulus of the solid in the pore space was determined. For the high-frequency samples, the solid modulus correlates with the shale porosity. This suggests that the solid modulus is the shale frame bulk modulus and not the bulk modulus of the clay minerals. This supports the notion of a pressure difference between the microporosity of the dispersed shale and the effective porosity, leading to clay-squirt dispersion. For the samples in the low-frequency state, no correlation was observed between the solid modulus and the shale porosity, indicating the solid modulus is the clay mineral bulk modulus. This supports the assumption that the pressure is equilibrated in the pores for these samples. The observation of these two distinct states directly shows the clay-squirt mechanism to be present.
The simple model developed in this study shows that dispersion in shaly sandstones can be associated with clay-squirt dispersion. The possible magnitude of the clay-squirt dispersion is large enough to account for the dispersion in many cases. Figure 14 . Data from Figure 13 with K gass pfa > K max sus compared qualitatively with the predictions from the laminated model at three different clay mineral moduli. The dispersion for these data can be accounted for by load-bearing shale. Figure 15 . (a) Fitted saturated shale moduli from lithologies with unrelaxed dispersed shale versus shale porosity. Two trends are seen correlating the saturated shale moduli with the shale porosity: one trend with a grain modulus at zero porosity of approximately 40 GPa and one with approximately 25 GPa. (b) Fitted clay mineral moduli for relaxed samples plotted versus shale porosity show no correlation. Three distinct mineral moduli are, however, identified in which the two are compatible with the grain moduli in (a).
